Knowledge of the cellular targets of ROS (reactive oxygen species) and their regulation is an essential prerequisite for understanding ROS-mediated signalling. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) is known as a major target protein in oxidative stresses and becomes thiolated in its active site. However, the molecular and functional changes of oxidized GAPDH, the inactive form, have not yet been characterized. To examine the modifications of GAPDH under oxidative stress, we separated the oxidation products by two-dimensional gel electrophoresis and identified them using nanoLC-ESI-q-TOF MS/MS (nano column liquid chromatography coupled to electrospray ionization quadrupole time-of-flight tandem MS). Intracellular GAPDH subjected to oxidative stress separated into multiple acidic spots on two-dimensional gel electrophoresis and were identified as cysteine disulfide and cysteic acids on Cys 152 in the active site. We identified the interacting proteins of oxidized inactive GAPDH as p54nrb (54 kDa nuclear RNAbinding protein) and PSF (polypyrimidine tract-binding proteinassociated splicing factor), both of which are known to exist as heterodimers and bind to RNA and DNA. Interaction between oxidized GAPDH and p54nrb was abolished upon expression of the GAPDH active site mutant C152S. The C-terminal of p54nrb binds to GAPDH in the cytosol in a manner dependent on the dose of hydrogen peroxide. The GAPDH-p54nrb complex enhances the intrinsic topoisomerase I activation by p54nrb-PSF binding. These results suggest that GAPDH exerts other functions beyond glycolysis, and that oxidatively modified GAPDH regulates its cellular functions by changing its interacting proteins, i.e. the RNA splicing by interacting with the p54nrb-PSF complex.
INTRODUCTION
Oxidative stress refers to a cellular state in which an excess of intracellular ROS (reactive oxygen species) tilts the balance between pro-oxidants and antioxidants in the redox system towards pro-oxidants.
It has been reported that growth factors such as PDGF (platelet-derived growth factor), EGF (epidermal growth factor), VEGF (vascular endothelial growth factor), angiopoietin-1, cytokines, hormones and neurotransmitters use ROS as secondary messengers in the intracellular signal transduction [1, 2] . ROS has the potential to cause protein oxidation via oxidation of amino acid side chains (especially cysteine), lipid peroxidation and DNA damage, including DNA strand breaks [3] . Damage to DNA sequences by oxidants makes it difficult for transcription factors to bind their cognate sequence. Also, the transcription factor itself can be damaged or its activation prevented by oxidants [4] . Thus ROS plays a key role in the regulation of cellular functions.
One of the consequences of oxidative stress is a fall in cellular ATP levels and blocked glycolysis [5, 6] , largely due to the inactivation of the glycolytic enzyme GAPDH (glyceraldehyde-3-phosphate dehydrogenase). GAPDH catalyses the oxidative phosphorylation of glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate by converting NAD + into the highenergy electron carrier NADH, a housekeeping enzyme which plays a pivotal role in glycolytic energy metabolism [7] . GAPDH is extremely sensitive to the modification of the cysteine residue (Cys 152 ) located in its active site. The active-site cysteine residue of GAPDH has previously been reported to be S-thiolated by hydrogen peroxide (H 2 O 2 ) [8] [9] [10] , S-nitrosilated by nitric oxide [11, 12] and nitroalkylated by nitroalkene derivatives [13] . Thus GAPDH is a major target of oxidative stress.
Recent studies indicate that GAPDH, distributed throughout the cell, including the nucleus, cytosol and membrane, plays roles not only in glycolytic function, but also in membrane fusion [14] , microtubule bundling [15] , phosphotransferase activity [16] , and in nuclear processes [17] such as ribosome interaction [18] , nuclear RNA export [19] , DNA replication and in DNA repair [20] . Also, it has been reported that nuclear GAPDH is involved in the maintenance of telomeres by associating with telomeric DNA [21] . Furthermore, GAPDH is implicated in neuronal apoptosis [22, 23] , neurodegenarative diseases [24, 25] , prostate cancer [26] Abbreviations used: DMEM, Dulbecco's modified Eagle's medium; DTT, dithiothreitol; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HEK-293T cells, human embryonic kidney-293 cells expressing the large T-antigen of SV40 (simian virus 40); MALDI-TOF MS, matrixassisted laser-desorption ionization-time-of-flight MS; MD, molecular dynamics; NAC, N-acetyl-L-cysteine; nanoLC-ESI-q-TOF MS/MS, nano column liquid chromatography coupled to electrospray ionization quadrupole time-of-flight tandem MS; p54nrb, 54 kDa nuclear RNA-binding protein; PDGF, plateletderived growth factor; PSF, polypyrimidine tract-binding protein-associated splicing factor; ROS, reactive oxygen species; TFA, trifluoroacetic acid; UTR, untranslated region. 1 These authors contributed equally to this work. 2 and viral gene regulation [27] . GAPDH has also been variously identified as a specific mRNA-binding protein interacting with 5 -UTR (untranslated region) or 3 -UTR mRNA sequences, and as an ARE (AU-rich element)-binding protein, crucial for regulation of gene translation [28] .
In the present study, we identified the molecular changes of GAPDH under oxidative stress, employing nanoLC-ESI-q-TOF MS/MS (nano column liquid chromatography coupled to electrospray ionization quadrupole time-of-flight tandem MS). Modifications in oxidized GAPDH included cysteine oxidation to disulfide and cysteic acid. We also identified the proteins interacting with control or oxidized GAPDH. Proteins that interacted with oxidized GAPDH were identified as p54nrb (54 kDa nuclear RNA-binding protein) and PSF (polypyrimidine tract-binding protein-associated splicing factor), both of which are known to exist as heterodimers and to bind to RNA and DNA [29] [30] [31] . These results suggest that GAPDH exerts other functions beyond glycolysis and that GAPDH oxidized at its activesite cysteine residue changes its interacting proteins, including p54nrb, and modulates its functions.
EXPERIMENTAL

Materials
The expression plasmid containing human GAPDH was provided by Dr S. K. Chae (Division of Life Sciences, Paichai University, Daejeon, South Korea). For expression in mammalian cells, GAPDH was cloned into FLAG vector, and FLAG-GAPDH C152S and C152S/C156S mutants were constructed. Mouse monoclonal antibody against p54nrb was purchased from BD Transduction Laboratories. Rabbit polyclonal antibodies against GAPDH and GAPDH-SO 3 were purchased from AbFrontier. Expression plamids containing human p54nrb and deletion mutants (p54nrb N and p54nrb C) were cloned into the FLAG vector. NAC (N-acetyl-L-cysteine) was from Sigma.
Cell culture
HEK-293T cells [human embryonic kidney-293 cells expressing the large T-antigen of SV40 (simian virus 40)] were grown and maintained in high glucose DMEM (Dulbecco's modified Eagle's medium) supplemented with 10 % FBS (fetal bovine serum), 100 μg/ml streptomycin, 100 units/ml penicillin G, 3.75 μg/ml sodium bicarbonate and 0.11 μg/ml sodium pyruvate at 37
• C and 5 % CO 2 .
For oxidative stress, the cells were treated with H 2 O 2 in HBSS (Hanks balanced salt solution). For treatment with PDGF, HEK-293T cells were serum-deprived by placing in DMEM supplemented with 0.5 % FBS for 20 h at 37
• C and 5% CO 2 before PDGF treatment. For treatment with NAC to abolish ROS, HEK-293T cells were placed in culture medium containing 20 mM NAC for 1 h at 37
• C and 5% CO 2 .
Iodoacetic acid labelling and identification of the labelled protein
Cells were labelled with [ 14 C]iodoacetic acid to identify the proteins containing sulfhydryl (thiol) residues in their active sites. Cells treated with H 2 O 2 and control cells were homogenized with 9 μl of O 2 -free lysis buffer [50 mM Bis-Tris/HCl, pH 6.5 (O 2 was eliminated using N 2 gas for 10 min), 0.5 % Triton X-100, 0.5 % deoxycholate, 0.1 % SDS, 150 mM NaCl, 1 mM EDTA, leupeptin (0.5 μg/ml), aprotinin (0.5 μg/ml) and 0.1 mM PMSF] containing 1 mM [
14 C]iodoacetic acid. After incubation for 30 min at room temperature (25 • C) in the dark, the labelling reaction was stopped by adding 20 μl of 200 mM cold iodoacetamide in 0.8 M Tris/HCl (pH 7.5) and DTT (dithiothreitol) was added to a final concentration of 10 mM. Also, 10 μl of 5× GSB (gel sample buffer) was added to reduce the samples. Labelled proteins were separated by SDS/PAGE (10 % gels) or two-dimensional gel electrophoresis, detected and quantified with Fujiphoto film BAS2000.
Measurement of GAPDH activity
GAPDH activity was measured as previously described in [5] . A solution containing 0.5 mM DTT and 0.2 mM PMSF was added to the frozen pellet, incubated on ice with vortex-mixing every 5 min, and centrifuged. The protein concentrations of the supernatants were determined by the Bradford assay [31a] . For the enzyme assay, the supernatant containing 30 μg of cellular protein was added to a reaction mixture containing 13 mM sodium pyrophosphate, 26 mM sodium arsenate, 10 mM DTT, 750 μM β-NAD and 15 mM D,L-glyceraldehyde-3-phosphate (pH 7.0), and the change in absorbance at 340 nm was monitored at 5 s intervals for 1 min. The molar absorption coefficient of NADH at 340 nm was 6.22 absorbance units/mmol at a pathlength of 1 cm. One unit of enzyme activity was defined as the reduction of 1 μM β-NAD/min.
Transient transfection assays
HEK-293T cells were seeded in 35-mm-diameter plates 1 day before transfection at a density of 1.7×10 6 cells, and transiently transfected with 1.5-2 μg of expression plasmids using the calcium phosphate method. The reaction medium was replaced by fresh medium 6 h after transfection, cultured for an additional 24 h and subsequently subjected to H 2 O 2 treatment.
Immunoprecipitation
The cells treated with or without H 2 O 2 were harvested and washed with PBS three times and subsequently lysed in an immunoprecipitation buffer (50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 0.5 % Nonidet P40, 1 mM EDTA, 1 mM PMSF, 5 μg/ml aprotinin, 10 μg/ml pepstatin A and 10 μg/ml leupeptin) on ice at a final volume of three times the original packed cell volume. After centrifugation at 22 000 g for 60 min at 4
• C, the supernatants were incubated for 2 h at 4
• C with monoclonal anti-FLAG M2-affinity cross-linking agarose beads. The precipitated immune complexes were washed three times with the immunoprecipitation buffer, separated by SDS/PAGE, transferred on to a PVDF membrane and probed with the polyclonal antibody against GAPDH or the monoclonal antibody against FLAG. Immune complexes were detected using Amersham Biosciences ECL ® (enhanced chemiluminescence) kit and LAS-1000S (Fuji photo film).
Two-dimensional gel electrophoresis
The protein samples were left to stand for 1 h at room temperature in a buffer containing 9.5 M urea, 2 % Triton X-100, 5 % 2-mercaptoethanol, 1 mM PMSF, 5 μg/ml aprotinin, 10 μg/ml pepstatin A, 10 μg/ml leupeptin, 1 mM EDTA, 10 mM Na 3 VO 4 and 10 mM sodium fluoride, and electrofocused in 7-cm Immobiline TM DryStrips (pH 3-10) with IPGphor (Amersham Biosciences), according to the following protocol: 50 μA per strip at 20
• C; (i) rehydration for 16 h; (ii) 500 V for 1 h (step and hold); (iii) 1000 V for 1 h (step and hold); and (iv) 8000 V for 7 h (step and hold) [32] . After electrofocusing, the strips were shaken for 15 min with equilibration buffer (1. • C for 15-17 h. Peptides were extracted by adding 30 μl of solution containing from 60 % acetonitrile/0.1 % TFA (trifluoroacetic acid) to 100 % acetonitrile. The extracted solutions were pooled and evaporated to dryness in a SpeedVac for MS analysis. Samples were reconstituted in 10 μl of 0.1 % TFA and treated with ZipTips containing C 18 resin (Millipore) according to the manufacturer's instructions. The washed peptides were eluted with saturated matrix solution (α-cyano-4-hydroxycinnamic acid in 60 % acetonitrile and 0.1 % trifluoroacetic acid) and analysed with MALDI-TOF MS (matrixassisted laser-desorption ionization-time-of-flight MS) using a delayed ion extraction and ion mirror reflector mass spectrometer (Voyager-DE STR; Applied Biosystems). External calibration was carried out using Sequazyme Peptide Mass Standard Kit (Perspective Biosystems) and internal calibration by using the autolytic peaks of trypsin. This procedure typically results in mass accuracies of 30 p.p.m. For interpretation of the mass spectra, the MS-Fit program available on the website of the University of California, San Francisco (http://prospector. ucsf.edu/prospector/mshome.htm) was used [32] .
For peptide sequencing, the proteins were separated by two-dimensional gel electrophoresis, stained with silver and analysed by nanoLC-ESI-q-TOF MS/MS as described previously [33, 34] . Peptides were analysed by nano flow reversed-phased HPLC/ESI/MS/MS with a mass spectrometer (Q-tof Ultima TM global, Waters) comprising a three-pumping Waters nanoLC system with an autosampler, a stream selection module configured for precolumn plus analytical capillary column, and operated under MassLynx 4.0 control (Waters). Peptides were separated using a C 18 reversed-phase 75 μm internal diameter×150 mm analytical column (3 μm particle size, Atlantis TM dC18, Waters) with an integrated electrospray ionization SilicaTip TM (+ − 10 μm, New Objective). Peptide mixtures (5 μl) were dissolved in buffer C (water/acetonitrile/formic acid; 95:5:0.2, by vol.), injected on to a column and eluted using a linear gradient of 5-80 % buffer B (acetonitrile/water/formic acid; 95:5:0.2, by vol.) over 120 min. Samples were desalted on line prior to separation using a trap column (5 μm particle size, NanoEase TM dC18, Waters) cartridge. Initially, the flow rate was set to 200 nl/min by split/splitless inlet and a capillary voltage of 3.0 keV was applied to the HPLC mobile phase before spray. Chromatography was performed on line to Q-tof Ultima TM global. MS parameters for efficient datadependent acquisition were: intensity of >10; and three to four components to be switched from MS to MS/MS analysis. The three most abundant precursors obtained from the first run were selected for MS/MS analysis.
Data analysis
The individual MS/MS spectra acquired for each of the precursors within a single LC run were combined, smoothened, de-isotoped and centroided using the Micromass ProteinLynx Global Server (PLGS) 2.1 data processing software and output, as a single MASCOT-searchable peak list (.pkl) file. The peak list files were used to query the SwissProt v.50.8 (234112 sequences; 85963701 residues) database using the MASCOT v.2.1.03 (global search engine) and MOD i (http://prix.uos.ac.kr/modi/) [35, 36] , with the following parameters: peptide mass tolerance, 0.5 Da; MS/MS ion mass tolerance, 0.2 Da; allowing up to two missed trypsin cleavage sites; considering variable modifications, such as were acetylation, deamidation, methylation, pyro-glu (N-terminal glutamate or glutamine), oxidation, dimethylation, phosphorylation and cysteine propionamide but not fixed modifications; enzyme limited to trypsin. Only significant hits as defined by MASCOT probability analysis (probability-based Mowse score P < 0.05) were accepted. In addition, a minimum total score of 50 comprising at least a peptide match of ion score more than 20, was arbitrarily set as threshold for acceptance. All reported assignments were verified by automatic and manual interpretation of spectra from MASCOT and MOD i in a blind mode.
Molecular modelling study
The co-ordinates of human GAPDH at 1.75 Å (1 Å=0.1 nm) resolution were obtained from the Protein Data Bank (PDB ID: 1U8F) [37] . For the oxidized form of GAPDH, Cys 152 was modified as cysteic acid. In its sulfonate group, the bond type of S-O was defined as partial double bond and the formal charge of O was set to −1/3 each.
MD (molecular dynamics) simulations were performed using the CHARMm program, implemented in Discovery Studio v2.1, with the cff force field. All hydrogen atoms were added and the protonation state of ionizable groups was chosen appropriate to pH 7.0. Each system was solvated by water molecules with the orthorhombic cell shape and radius of sphere of 20.0. Both solvated structures were gently minimized with steepest descent algorithm until the tolerance reached 0.1 kcal/mol·Å (1 cal ≈ 4.184 J), and followed by equilibration for 50 ps. Finally, the production phase was carried out during 500 ps for all systems using an NVT ensemble at 300 K, and the integration time step of 1 fs was used. All the computational studies were performed with the Accelrys Discovery Studio molecular modelling program package, version 2.1, on a Linux (Cent OS release 4.6) workstation.
Topoisomerase I relaxation assay
Topoisomerase I (Topogen) activity was measured by relaxation of supercoiled plamid DNA [30] . Relaxation of 250 ng of partially supercoiled pFLAG-CMV DNA by topoisomerase I (0.1 unit) was carried out in 20 μl of assay buffer (10 mM Tris/HCl, pH 7.9, 1 mM EDTA, 150 mM NaCl, 0.1 % BSA, 5 % glycerol and 10 mM MgCl 2 ) at 37
• C. Assay buffer and topoisomerase I (0.1 unit) was added to the immunoprecipitated samples (total, 0.1 mg of protein). The reaction was started by adding DNA and stopped by adding warm SDS (final concentration: 0.5 %) at the time points indicated. Samples were digested with proteinase K (0.1 mg/ml) for 30 min at 37
• C and analysed on a 0.9 % agarose gel. Gels were stained with 0.3 μg/ml ethidium bromide and visualized using the Bioimage Processing System and photographed. Image analysis was performed using ImageMaster two-dimensional software (Amersham Biosciences).
Subcellular fractionation
Typically, 1×10 7 cells were harvested and washed twice with cold PBS. The cell pellet was lysed in 200 μl of hypotonic buffer containing protease inhibitors (10 mM Hepes, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM PMSF, 0.2 mM DTT, 10 μg/ml aprotinin, 1 μg/ml leupeptin, 0.1 mM sodium vanadate and 1 mM sodium fluoride, pH 7.9) and centrifuged at 1500 g for 15 min. The cytosolic fraction was obtained from the supernatant. One half of the pellet was resuspended in 50 μl of low-salt buffer (20 mM Hepes, 25 % glycerol, 1.5 mM MgCl 2 , 20 mM KCl and 0.2 mM EDTA, pH 7.9). An equal volume of high-salt buffer containing 1.2 M KCl was added in dropwise and the mixture was incubated for 30 min. The nuclear fraction was obtained from the supernatant after centrifugation at 20 000 g for 30 min. The other half of the pellet was resuspended with 100 μl of RSB buffer (10 mM Tris/HCl, 10 mM NaCl, 3 mM MgCl 2 and 0.5 % Triton X-100, pH 7.6). The membrane fraction was obtained by centrifugation at 20 000 g for 30 min. Immunoprecipitation was carried out in both the nuclear and cytosolic fractions. For the former, 400 μl of solution A (20 mM Hepes, 6.25 % glycerol, 35 mM KCl and 0.2 mM EDTA, pH 7.4) was added to 100 μl of nuclear fraction. For the latter, 200 μl of solution B (35 mM, 25 % glycerol, 130 mM KCl and 0.5 mM EDTA, pH 7.4) was added to 300 μl of the cytosolic fraction. Subsequently, these fractions were subjected to immunoprecipitation as described above.
RESULTS
Oxidation of the cysteine residue in the active site of GAPDH inhibits protein synthesis in HEK-293T cells in a H 2 O 2 dose-dependent manner
To examine the effect of H 2 O 2 treatment on protein synthesis, HEK-293T cells were pulse-labelled with [ 35 S]methionine for 1 h at each time point during recovery after treatment of cells to 5 mM H 2 O 2 for 1 h at 37
• C, and protein synthesis was monitored. Protein synthesis was completely blocked immediately after treatment with 5 mM H 2 O 2 , but gradually recovered ( Supplementary Figure S1 at http://www.BiochemJ.org/bj/423/bj4230253add.htm). When the cells were exposed to lower doses of H 2 O 2 , the protein synthesis was blocked, but the recovery was faster. This indicates that the protein synthetic machinery is sensitive to H 2 O 2 treatment, but that the damage is easily reversible.
We tried to identify the proteins oxidized by oxidative stress. For this, HEK-293T cells were exposed to various concentrations of H 2 O 2 for 1 h and the cellular proteins were labelled with [
14 C]iodoacetic acid at pH 6.5 for 30 min under hypoxic conditions. This procedure specifically labels the activesite cysteine residue, because the pK a of cysteine sulfhydryl in the active site, 6.5, is lower than that of normal, which is 8.3 [38] . As shown in Figure 1(A) , upper panel, the labelling of a ∼ 35-40 kDa protein identified as GAPDH by MS (Supplementary Figure S2 at http://www.BiochemJ.org/bj/423/bj4230253add.htm) significantly decreased depending on the H 2 O 2 concentration. However, the total amount of cellular GAPDH detected with Western blot analysis did not change regardless of oxidant concentration ( Figure 1A, lower panel) . Oxidation of the active site of GAPDH was confirmed by using purified recombinant GAPDH, as shown in Figure 1 These results suggest that GAPDH is sensitive to oxidative damage by H 2 O 2 , but that this damage is gradually repaired.
Identification of post-translational oxidative modifications of GAPDH
We examined the nature of GAPDH modifications following H 2 O 2 and PDGF treatments, employing two-dimensional gel electrophoresis. HEK-293T cells transiently transfected with FLAG-tagged GAPDH were exposed to various concentrations of PDGF for 30 min, and GAPDH profiles were examined immediately after the treatment and during recovery. As shown in Figure 1 (C), lower panel, several acidic GAPDH spots appeared in PDGF-treated samples in a dose-dependent manner compared with the control. To examine whether these modifications of GAPDH caused by the oxidation were as reversible as the enzyme activity, the kinetics of protein modifications on two-dimensional gel electrophoresis were investigated. We found that HEK-293T cells transiently transfected with FLAG-GAPDH and exposed to 5 mM H 2 O 2 for 1 h at 37
• C recovered after various times as shown in Figure 1 (C), lower panel. pI shifts of GAPDH spots to acidic regions were observed by H 2 O 2 treatment and some fraction of these shifts were slowly reversed during 12 h recovery. This suggests that small fractions of oxidized GAPDH to migrate to acidic regions on two-dimensional gels, are also reversible, along with the reversibility of its enzyme activity following oxidative stress. It is possible that oxidative stress can simultaneously modify several sites in the protein. The occurrence of multiple spots indicates that these modifications may not be limited to just to oxidation alone.
To examine the nature of protein modifications in various spots, a proteomic approach using MS was employed (Figure 2 ). GAPDH spots (1, 2 and 3 in Figure 1D ) were excised from the two-dimensional gels, and the specific modifications in the active site were analysed by peptide fingerprinting with MALDI-TOF MS and by peptide sequencing with nanoLC-ESI-q-TOF MS/MS after trypsin digestion. Figure 2 shows Figure 2C ). These results indicate that the spots may indeed represent a mixture of various populations of oxidized forms. Also, Cys 152 is easily oxidized to cysteic acid, as confirmed by increase in the mass (+ 48 Da), but Cys 156 is not oxidized, and remained in a reduced sulfhydryl form even under oxidative stress. We also confirmed oxidized cysteine forms in H 2 O 2 -treated GAPDH using a specific anti-GAPDH-SO 3 H antibody ( Figure 1E ). These results indicate that acidic spots 2, 3 and 4 contain more cysteic acids both in the control and H 2 O 2 treated cells.
Identification of p54nrb and PSF as GAPDH-interacting proteins in its oxidative state
To examine the functional changes of oxidized GAPDH, we first tried to find interacting partners of GAPDH during oxidative stress. HEK-293T cells transiently overexpressing FLAG-GAPDH were exposed to 5 mM H 2 O 2 for 1 h, then 14 C]iodoacetic acid for 10 min and the reaction was stopped by the addition of iodoacetamide. The samples were subjected to SDS/PAGE (12 % gel). Equal applications of protein among gel lanes were confirmed by immunoblot analysis of the same nitrocellulose membrane with anti-GAPDH. The autoradiography was obtained from BAS2000. (C) HEK-293T cells were transiently transfected with FLAG-GAPDH and exposed to PDGF or H 2 O 2 . Cells were exposed to 5 mM H 2 O 2 for 1 h at 37 • C, and then recovered in complete medium without H 2 O 2 at 37 • C for 1, 3 or 12 h (upper panel) or exposed to various PDGF concentrations (100 and 300 ng/ml) (lower panel). Immunocomplexes obtained with anti-FLAG antibody were separated by 11 % two-dimensional gel electrophoresis and transferred on to a PVDF membrane. The membranes were probed with anti-GAPDH antibody. Only regions which show GAPDH spots on the immunostained membrane were shown. Arrowheads and arrows indicate the same positions of GAPDH on the two-dimensional gel. (D and E) HEK-293T cells were transiently transfected with FLAG-GAPDH and exposed to 5 mM H 2 O 2 for 1 h at 37 • C. Cells treated without (control) or with 5 mM H 2 O 2 for 1 h at 37 • C were subjected to immunoprecipitation (IP) with anti-FLAG antibody. The immunoprecipitated proteins were separated by two-dimensional gel electrophoresis and subsequently silver-stained (D) or detected with anti-GAPDH-SO 3 antibody (E). Arrows indicate GAPDH spots in two-dimensional gels. WB, Western blot. FLAG-GAPDH was immunoprecipitated using anti-FLAG antibody and subjected to two-dimensional gel electrophoresis. As shown in Figure 3 , two basic proteins were found to interact specifically with H 2 O 2 -oxidized GAPDH. These proteins were identified by MALDI-TOF MS and ESI-q-TOF MS/MS, following in-gel digestion, as p54nrb and PSF, which are already known to exist as heteromeric complexes in vivo [29] . This suggests that the RNA-binding proteins p54nrb and PSF are binding partners with oxidized GAPDH, and that GAPDH may have another function in this complex beyond its role in glycolysis.
Nature of the interaction between p54nrb and GAPDH
To investigate the binding properties of p54nrb and GAPDH during oxidative stress, p54nrb was cloned into the FLAG vector. HEK-293T cells transiently overexpressing FLAG-tagged p54nrb were subjected to H 2 O 2 treatment. Then, FLAGtagged p54nrb was immunoprecipitated and analysed by SDS/PAGE and Western blot analysis, using anti-GAPDH antibody. GAPDH interaction with p54nrb increased in a H 2 O 2 dose-dependent manner ( Figure 4A ). To confirm that endogenous GAPDH interacts with p54nrb in a H 2 O 2 -dependent manner, HEK-293T cells treated with NAC were exposed to H 2 O 2 , and the immunoprecipitated endogenous GAPDH and the precipitate were subjected to SDS/PAGE and Western blot analysis using anti-p54nrb antibody ( Figure 4B ). All cells were subjected to NAC treatment because even control HEK-293T cells are known to have high endogenous levels of ROS. Since GAPDH is mainly localized in the cytosolic fraction and p54nrb is localized in the nuclear fraction, we identified the location of these two interactions. As shown in Figure 4 (C), even though p54nrb is mainly localized in the nucleus ( Figure 4C, lower panel) , the binding between oxidized GAPDH and p54nrb occurred in the cytosol ( Figure 4C , upper panel). To determine whether this interaction is dependent on the oxidation of the active-site cysteine residue of GAPDH, two GAPDH mutants (C152S and C152S/C156S) mutated at its active site were employed. HEK-293T cells transfected with FLAG-tagged GAPDH wild-type, C152S or C152S/C156S were treated with 1 mM H 2 O 2 for 1 h, and the immunoprecipitated GAPDH and the precipitates were subjected to SDS/PAGE and Western blot analysis using antip54nrb antibody ( Figure 4D ). GAPDH C152S, which cannot be oxidized, did not interact with p54nrb regardless of oxidative stress. This indicates that the oxidation of active site cysteine is required for the interaction with p54nrb.
Comparison of the reduced and oxidized structures of GAPDH
In order to see if the oxidation of the cysteine residues in GAPDH causes changes in its surface structure, leading to the alteration of its binding to p54nrb, MD studies were performed. Using the CHARMm program, the oxidized structure was generated with Cys 152 oxidized to cysteic acid. The overall secondary structures of the reduced and the oxidized GAPDH were similar, with the RMSD (root mean square deviation) of α carbons at approx. 0.8 Å, and the overall surface shape was mostly unaltered after oxidation. However, the surface electrostatic property at the active site of the oxidized GAPDH distinctively changed after oxidation.
The oxidized form of GAPDH with Cys 152 oxidized to cysteic acid, one of the most energetically stable structures, shown in Figure 5 (B), is compared with the reduced form of GAPDH in Figure 5(A) . The solvent surface was generated for each structure and coloured by electrostatic potential. As shown in the enlarged view of the active sites in the lower panels of Figure 5 (A) HEK-293T cells transiently transfected with FLAG-p54nrb were exposed to 5 mM or 2 mM H 2 O 2 for 1 h at 37 • C. Cells treated without or with H 2 O 2 were subjected to immunoprecipitation by anti-FLAG antibody. The immune complex was separated by SDS/PAGE (10 % gels) and transferred on to a PVDF membrane. The membranes were probed with either anti-FLAG anibody or anti-GAPDH antibody. (B) HEK-293T cells pretreated with 20 mM NAC for 1 h were exposed to control or 2 mM H 2 O 2 for 1 h at 37 • C. Endogenous GAPDH was immunoprecipitated with anti-GAPDH antibody from control and H 2 O 2 -treated cells. The immune complex was separated by SDS/PAGE (11 % gels) and transferred on to a PVDF membrane. The membranes were probed with either anti-p54nrb antibody or anti-GAPDH antibody. This experiment was duplicated. (C) HEK-293T cells exposed to control or 5 mM H 2 O 2 for 1 h at 37 • C were fractionated into nucleus and cytosol, and subjected to immunoprecipitation by anti-p54nrb antibody. The immune complex was separated by SDS/PAGE (10 % gels) and transferred on to a PVDF membrane. The membranes were probed with either anti-p54nrb antibody or anti-GAPDH antibody. (D) HEK-293T cells transfected with FLAG-GAPDH and its mutants (C152S, C152/156S) were exposed to 1 mM H 2 O 2 for 1 h at 37 • C, and cell lysates were probed with anti-FLAG antibody. The immune complex was separated by SDS/PAGE (10 % gels) and transferred on to a PVDF membrane. The membranes were probed with either anti-FLAG antibody or anti-p54nrb antibody. IP, immunoprecipitation; WB, Western blot.
sulfonate group, which is deprotonated under the physiological pH, has the negative charge equally distributed in the three oxygen atoms. Because of its negative charge, the sulfonate group appears to face towards the nicotinamide ring of the cofactor. Owing to the orientation of the oxidized Cys 152 towards the surface, the electrostatic potential of the cleft becomes more negatively charged as shown in Figure 5 (B), lower panel. It appears that this change of electrostatic property might work as a driving force for the binding of p54nrb to GAPDH.
Changes in localization and interaction caused by oxidative stress
Since the interaction between GAPDH and p54nrb occurs mainly in the cytosol and was affected by H 2 O 2 treatment, the question arises of whether the localization of GAPDH is changed by H 2 O 2 treatment. HEK-293 cells transiently overexpressing FLAG-GAPDH were exposed to 2.5 mM H 2 O 2 and recovered for 5 h. GAPDH proteins were stained as green colour using an anti-FLAG antibody and a secondary antibody labelled with FITC. GAPDH normally appeared in the cytosol and nucleus. When the cells were treated with 2.5 mM H 2 O 2 , GAPDH disappeared in the nuclear region immediately after treatment. After 5 h of recovery, GAPDH relocalized mainly to the nucleus (Figure 6 ). These results show that localization of GAPDH shuttled from cytosolic (during H 2 O 2 treatment) to nuclear region (during recovery).
To characterize the domains of interaction between GAPDH and p54nrb, various deletion mutants of p54nrb ( Figure 7A ) were overexpressed and their interactions with endogenous GAPDH were examined. HEK-293T cells transiently transfected with FLAG-54nrb N or FLAG-p54nrb C were exposed to 5 mM H 2 O 2 for 1 h at 37
• C, and immunoprecipitated with anti-FLAG antibody. The immune complexes were detected with anti-FLAG or anti-GAPDH antibody. When treated with H 2 O 2 , GAPDH was found to be bound to the N-terminus of p54nrb (FLAG-p54nrb C) in both the cytosol and nucleus, and this binding increased in a H 2 O 2 -dependent manner, whereas GAPDH was found bound to C-terminus of p54nrb only in the cytosol (FLAG-p54nrb N, Figure 7B ). This suggests that p54nrb may have two GAPDH-interacting sites, which can be regulated by oxidative stress.
Effect of GAPDH-p54nrb complex on topoisomerase I acitivity following exposure to H 2 O 2
Since the binding of GAPDH to p54nrb increases with oxidative stress, it is of interest to understand what role this complex plays under oxidative stress. Previous reports showed that the p54nrb-PSF complex enhanced the relaxation activity of topoisomerase I, which relaxes supercoiled DNA negatively or positively [29, 30] . To examine whether the GAPDH-p54nrb complex enhances topoisomerase I activity, HEK-293T cells transiently transfected with FLAG-p54nrb were exposed to 5 mM H 2 O 2 for 1 h at 37
• C. The complex was purified from cells treated and untreated with H 2 O 2 , followed by immunoprecipitation using anti-FLAG antibody. Topoisomerase activity was assayed in a buffer containing 0.1 unit of topoisomerase I and 250 ng of partially supercoiled pFLAG-CMV DNA. After the indicated time period, the reaction was stopped with warm SDS (0.5 % final concentration) and the proteins were digested with proteinase K (0.1 mg/ml, 37
• C, 30 min). Relaxed and supercoiled DNAs were separated by agarose gel electrophoresis and stained with 0.3 μg/ml ethidium bromide. The enhancement of topoisomerase activity by the complex obtained from cells with or without H 2 O 2 treatment was examined as described in Figure 8 . The GAPDHp54nrb complex obtained from H 2 O 2 -treated cells showed significantly enhanced relaxation activity of topoisomerase over that of the GAPDH-p54nrb complex. This indicates that the interaction of GAPDH and p54nrb under oxidative conditions possibly plays a role in topoisomerase function that engages in DNA replication and transcription through its relaxation activity of supercoiled DNA.
DISCUSSION
GAPDH is a glycolytic enzyme with mutiple functions. The present study confirms that a major oxidative target of ROS is GAPDH and demonstrates that the cysteine residue in the GAPDH catalytic site is oxidized to cysteic acid, plus that oxidized GAPDH interacts with p54nrb and plays a regulatory role in Figure 6 Localization of GAPDH after oxidative stress and during recovery Cells transfected with FLAG-GAPDH were treated without (control) or with H 2 O 2 (2.5 mM, 1 h) and then recovered at 37 • C for 5 h. Cells were stained with anti-FLAG M2 monoclonal antibody labelled with FITC (green) and the nucleus was stained with propidium iodide (red). Co-localization of proteins merges as yellow.
Figure 7 GAPDH interacts with C-terminal p54nrb in an H 2 O 2 -dependent manner in cytosol
(A) Diagram of the primary structure of p54nrb deletion mutants. N, nuclear fraction; C, cytosolic fraction; HTH, helix-turn-helix, a sequence predicted to form a helix-turn-helix structure; +/−, a highly charged region; P, proline-rich region. (B) HEK-293T cells were transiently transfected with FLAG-p54nrb N or FLAG-p54nrb C and exposed to 5 mM H 2 O 2 for 1 h at 37 • C. Cells treated without or with H 2 O 2 were subjected to immunoprecipitation (IP) by anti-FLAG antibody and the immune complex was separated by SDS/PAGE (11 % gels) and transferred on to a PVDF membrane. The membranes were probed with either anti-FLAG antibody or anti-GAPDH antibody. Equal amounts of protein were loaded on to each lane. WB, Western blot.
ROS-induced cell signalling. This is the first demonstration of a relationship between oxidative modifications of GAPDH and of the functional significance of interaction of oxidized GAPDH with p54nrb. Cys 152 in the catalytic centre of GAPDH acts as a nucleophile, and the imidazole ring of His 179 forms an ion pair with Cys 152 and lowers the pK a of Cys 152 , rendering it more nucleophilic [38] . At pH 6.5, iodoacetic acid reacts with the sulfhydryl residue of Cys 152 in a very specific manner, thus permitting the tracing of the oxidative status of active-site cysteine residues. GAPDH has long been known as a major target of ROS. Previously, Shenton et al. [39] suggested that H 2 O 2 inhibits the initiation of translation by phosphorylation of eukaryotic initiation factor-2 in the yeast Saccharomyces cerevisiae in a reversible manner. We postulate the possible existence of a similar mechanism in mammalian cells. Using two-dimensional gel electrophoresis, we have shown several populations of GAPDH which shifted towards the acidic region. The oxidation of GAPDH is not an all-or-none reaction but rather involves equilibrium shifts in several populations of GAPDH depending on the ROS concentration. This is a common cellular mechanism, because ROS generation is a homoeostatic cellular process which shifts the equilibrium based on the intracellular ROS. Various cysteine modifications, including thiol oxidation, sulfenic acid formation and glutathionylation, were reported in GAPDH in response to various oxidative stresses. In the present study, the active-site modifications of GAPDH in response to H 2 O 2 and PDGF were identified by peptide sequencing using nanoLC-ESI-q-TOF MS/MS. The reduced GAPDH (spot 1 in Figure 1D ) contains free sulfhydryls in Cys 152 and Cys 156 . On the other hand, the oxidized GAPDH (spots 2 and 3 in Figure 1D ) include both disulfide of Cys 152 and Cys 156 and cysteic acid of Cys 152 and free sulfhydryl of Cys 156 . This indicates that multiple modifications in the active site are possible as a result of oxidative stresses. Other multiple post-translational modifications beyond the active site are also probably responsible for the various spots [33] . As GAPDH is an abundant cellular protein, it is possible that a subpopulation of the protein molecules undergo reversible and/or irreversible multiple post-translational modifications following treatment with H 2 O 2 . This may be responsible for the partial recovery of the overall activity of GAPDH, observed at some points.
We also found that GAPDH binds to PSF and p54nrb after modification by H 2 O 2 . PSF and p54nrb/nonO both contain DNAbinding as well as RNA-binding domains [40] . Both proteins seem to have various functions in the nucleus, including RNA processing, regulation of transcription and DNA unwinding [29, 30, [41] [42] [43] . The amount of GAPDH that binds to p54nrb/nonO increased after cellular exposure to H 2 O 2 . It was reported that GAPDH binds to RNA through its cofactor-binding domain [44] . We therefore postulate that GAPDH modified by H 2 O 2 binds to p54nrb/nonO and plays new roles in DNA unwinding and regulation of transcription. In the present study, we showed that the protein complex consisting of p54nrb, PSF and GAPDH induced by cellular exposure to H 2 O 2 enhanced the activity of topoisomerase I. Topoisomerase is known to reduce the tension of DNA supercoils during replication and transcription [29] . p54nrb/nonO and PSF have previously been shown to enhance the activity of topoisomerase I by facilitating the jumping of topoisomerase I from one DNA helix to another [29] . Also, GAPDH has been reported as a key component of Oct-1 coactivator that is crucial for S-phase-dependent histone H2B transcription [44] , GAPDH accumulates in the nucleus in cells treated with genotoxic drugs, and it is one of the components of the protein complex that binds DNA modified by thioguanine incorporation [45] . These findings suggest a potential role for GAPDH in nuclear processes such as transcription or replication. p54nrb functions as a multifunctional protein in the nucleus engaging in RNA processing, regulation of transcription and DNA unwinding [40] , and is known to bind to ssDNA (single-stranded DNA) and RNA via a RNA-binding domain in the N-terminus while it also binds to dsDNA (double-stranded DNA) through the C-terminus [43] . According to Borden and co-workers, GAPDH co-localizes and co-immunoprecipitates with the PML (promyelocytic leukaemia) protein in large multiprotein complexs in the nucleus [46] . RNase treatment disrupts the interaction of PML and GAPDH and prevents their co-localization. Others have reported that GAPDH binds to tRNA and engages in nuclear export of tRNA [19] . Nagy and Rigby [28] suggested that GAPDH binds to AU-rich elements of lymphokine mRNA 3 -UTR through its NAD + -binding domain. Also, GAPDH oxidized at its activesite cysteine residue has been reported to contribute to the enhanced binding to nucleic acids [47] . These observations led us to wonder whether the binding of GAPDH to the N-terminus of p54nrb might be mediated through RNA. To test this possibility, we disrupted the mediation of RNA by treating the cell lysate with RNase. However, the RNase treatment did not have any significant effect on the binding of GAPDH and p54nrb (results not shown). It is possible that the RNase fails to act if RNA is located between GAPDH and p54nrb. The exact binding mechanism of GAPDH and p54nrb remains to be elucidated.
In summary, we have confirmed that GAPDH, a glycolytic enzyme, is a major target protein of ROS, and demonstrated that oxidation of GAPDH occurs at its active-site Cys 152 , and involves its oxidation to cysteic acid or disulfide bond formation between Cys 152 and Cys 156 . These modifications seem to produce several populations of GAPDH with different pI values and surfaces. These populations apparently induce interaction with the RNAbinding proteins p54nrb and PSF and regulate the topoisomerase enhancing activity. These findings suggest that GAPDH can serve as a multifunctional protein by undergoing varying modifications in response to ROS and changing the interacting partners, and explain how a gene and its protein product play multiple cellular roles by modifications.
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